Abstract. The kinetics of photolysis of riboflavin (RF) in water (pH 7.0) and in organic solvents (acetonitrile, methanol, ethanol, 1-propanol, 1-butanol, ethyl acetate) has been studied using a multicomponent spectrometric method for the assay of RF and its major photoproducts, formylmethylflavin and lumichrome. The apparent first-order rate constants (k obs ) for the reaction range from 3.19 (ethyl acetate) to 4.61×10 
INTRODUCTION
The influence of solvents on the rates of degradation of drugs is an important consideration for the formulation chemist. The effects of dielectric constant and viscosity of the medium may be significant on the stability of pharmaceutical formulations. Theoretical basis of the effects of solvent on the rates and mechanism of chemical reactions has been extensively dealt by many workers (14, 18, 21, 28, 37, 47, 56, 65) . The effect of dielectric constant on the degradation kinetics and stabilization of chloramphenicol (40) , barbiturates (31) , methanamine (59) , ampicillin (29) , prostaglandin E 2 (48) , chlorambucil (43), 2-tetrahydropyranyl benzoate (30) , indomethacin (24) , aspirin (16) , phenoxybenzamine (2) , azathioprine (55) , polypeptides (17) , neostigmine (64) , triprolidine (39), 10-methylisoalloxazine (12) , formylmethylflavin (7), levofloxacin (6) , and moxifloxacin (4) has been reported. The viscosity of the medium may also affect the stability of a drug. A linear relation has also been found between the rate constant and the inverse of solvent viscosity for the photodegradation of 10-methylisoalloxazine (12) , formylmethylflavin (9) , levofloxacin (6) , and moxifloxacin (4) in organic solvents.
Some kinetic studies of the photolysis of riboflavin (RF) in carboxylic acids (34, 58) , alcoholic solvents (32, 42, 50, 57) , and pyridine (36) have been conducted. However, the method used for the determination of RF is based on the measurement of absorbance at 445 nm without any consideration of the interference caused by photoproducts formed during degradation. Thus, the kinetic data obtained may not be accurate, and specific methods may be required for assay (10, 13) . Studies on the photolysis of formylmethylflavin (FMF), a major intermediate in the photolysis sequence of the RF, in organic solvents have been conducted (7, 9) . Solvent effects on flavin electron transfer reactions have been found to be significant (12, 51) . The present work involves a detailed study of the kinetics of photolysis of RF in a wide range of organic solvents using specific multicomponent spectrometric method for the assay of RF and photoproducts (10, 13, 52) and to develop correlations between the kinetic data and solvent parameters such as dielectric constant and viscosity. These considerations are important in the formulation of drugs with different polar characters using cosolvents and those whose oxidation is viscosity dependent to achieve their stabilization.
MATERIALS AND METHODS
RF, lumichrome (LC), and lumiflavin (LF) were obtained f rom Sig ma Chem ical Co., St . Lo uis, MO, U SA. Formylmethylflavin (FMF) and carboxymethylflavin (CMF) were synthesized by the previously reported methods (22, 23) . All solvents and reagents were of analytical grade from Merck & Co., Whitehouse Station, NJ, USA.
The methods of photolysis, chromatography, and assay are the same as previously described for FMF in organic solvents (7, 9) and in aqueous solution (8) . These are briefly described below.
Photolysis

A 3×10
−5 M solution of RF (100 ml) was prepared in water (pH 7.0, 0.005 M phosphate buffer) and in organic solvents in a volumetric flask (Pyrex) and immersed in a water bath maintained at 25±1°C. The solution was exposed to a Philips HPL-N 125 W high-pressure mercury lamp (emission bands at 405 and 435 nm; the later band overlaps the 445 nm band of RF (13)), fixed at a distance of 25 cm from the center of the flask for a period of 2-3 h depending upon the nature of the solvent used. Samples of photolyzed solution were withdrawn at a various time intervals for thin-layer chromatography and spectrometric assay.
pH Measurements
The pH measurements of solutions were performed on an Elmetron pH meter (Model-CP501, sensitivity ±0.01 pH units, Poland) using a combination pH electrode. The electrode was automatically calibrated using phthalate (pH 4.008), phosphate (pH 6.865), and disodium tetraborate (pH 9.180) buffer solutions.
Thin-Layer Chromatography
The thin-layer chromatography (TLC) of the photolyzed solutions of RF in aqueous and organic solvents was carried out on 250 μm cellulose plates using the following solvent systems: (a) 1-butanol-acetic acid-water (40:10:50, v/v, organic phase) and (b) 1-butanol-1-propanol-acetic acid-water (50:30:2:18, v/v) (11). The compounds were detected by their characteristic fluorescence on exposure to UV (365 nm) light; RF, LF, FMF, CMF (yellow green), LC (sky blue).
Spectrometric Assay
A 5-ml aliquot of the photolyzed solution of RF was evaporated to dryness under reduced pressure at room temperature and the residue dissolved in 0.2 M KCl-HCl buffer solution (pH 2.0). The solution was extracted with 3×5 ml of chloroform, the chloroform was evaporated and the residue dissolved in 0.2 M acetate buffer solution (pH 4.5). The absorption of this solution was measured at 356 nm to determine the concentration of LC. The aqueous phase (pH 2.0) was used to determine the concentrations of RF and FMF in degradation solutions by a two-component spectrometric assay at 385 and 445 nm according to the method of Ahmad and Rapson (10) .
Determination of Light Intensity
The intensity of the Philips HPL-N 125 W lamp was determined using potassium ferrioxalate actinometry (25) .
RESULTS
Photoproducts of RF
TLC of the photolyzed solutions of RF in organic solvents using solvent systems (a) and (b) showed the presence of FMF and LC as the main photoproducts of this reaction. CMF was also detected as a minor oxidation product of FMF in these solvents (7, 9) . These products were identified by comparison of their fluorescence emission and R f values with those of the authentic compounds. FMF and LC as the main photoproducts of RF in organic solvents have previously been reported (7, 9, 34) . The formation of LC in organic solvents may take place through FMF as an intermediate in the photolysis of RF as observed in the case of aqueous solutions (7-10). The fluorescence intensity of the photoproducts on TLC plates is an indication of the extent of their formation in a particular solvent during the irradiation period. In aqueous solutions (pH 7.0), LF is also formed in addition to FMF and LC as previously observed (8, 57) .
Spectral Characteristics
RF exhibits absorption maxima in organic solvents in the region of 440-450, 344-358, and 270-271 nm (35) . A typical set of absorption spectra for the photolysis of RF in methanol is shown in Fig. 1 . There is a gradual loss of absorbance around 445 nm with a shift of the peak at 358 to 350 nm, with time, due to the formation of LC (λ max in methanol, 339 nm) (54), the major photoproduct of RF in organic solvents; LC is formed through the mediation of FMF, an intermediate in the photolysis of RF (57) . FMF has an absorption spectrum similar to that of RF, and, therefore, it could not be distinguished from the absorption spectrum of RF in organic solvents.
Assay of RF and Photoproducts
The photolyzed solutions of RF have been assayed at pH 2.0 by extraction of LC with chloroform and its determination at pH 4.5 at 356 nm. The aqueous phase was used to determine RF and FMF by a two-component assay at 385 and 445 nm corresponding to the absorption maxima of these compounds. The molar concentrations of RF and its photoproducts, FMF and LC, determined in a photolysis reaction (10) carried out in methanol are reported in Table I . The assay method shows uniformly increasing values of FMF and LC with an almost constant molar balance, with time, indicating a good reproducibility of the method. CMF, a minor oxidation product of FMF in organic solvents (7), accounting to less than 1% (9), does not interfere with the assay method.
Kinetics of Photolysis
The photolysis of RF in aqueous solution (3, 8, 57) and in organic solvents (36, 57) follows first-order kinetics. A kinetic plot for the photolysis of RF in methanol (Fig. 2) shows that LC is the final product in this reaction as observed by previous workers (32, 42) . The first-order rate constants, (k obs ), determined for the photolysis reactions in organic solvents and water range from 3.19 (ethyl acetate) to 4.61×10 −3 min −1
(water) (correlation coefficients 0.997-0.999) ( Table II) . The values of k obs increase with an increase in the dielectric constant showing the influence of solvent on the rate of reaction. The value for the photolysis of RF in aqueous solution (pH 7.0, 0.005 M phosphate buffer) is also included for comparison. A plot of k obs for the photolysis of RF as a function of solvent dielectric constant is presented in Fig. 3 . It shows that the rate constants are linearly dependent upon the solvent dielectric constant. Similarly, a linear relation has been found between the values of k obs and the solvent acceptor number indicating the degree of solute-solvent interaction (Fig. 4) . In order to observe the effect of viscosity on the rate of photolysis, a plot of k obs versus inverse of viscosity was constructed (Fig. 5 ). It showed a linear relation between the two values indicating the influence of solvent viscosity on the rate of reaction. These results are supported by the fact that a plot of dielectric constant versus inverse of viscosity of organic solvents is linear. However, the values of k obs for RF in ethyl acetate and water do not fit in the plot probably due to different behaviors of RF in acetate (compared to alcohols) and water (e.g., degree of hydrogen bonding).
DISCUSSION
Effect of Solvent
It is known that solvents could influence the degradation of drugs depending on the solute-solvent interaction. Solvents may alter the rate and mechanism of chemical reactions (1, 15, 38, 44, 46, 51) and thus play a significant role in the stabilization of pharmaceutical products (21) . Pharmaceutical formulations of ionizable compounds such as RF may be stabilized by an alteration in the solvent characteristics. A suppression of the ionization of a drug susceptible to degradation in water may be achieved by the addition of a cosolvent (e.g., alcohol). This would result in the destabilization of the polar excited state and, therefore, a decrease in the rate of reaction as observed in the case of many drugs (65) . The use of organic solvents as cosolvent can have a photostabilizing effect on the product as a result of a change in the polarity and viscosity of the medium (61) . These considerations are important in the formulation of drugs with different polar characters and those whose oxidation is viscosity dependent. These aspects with respect to the photolysis of RF as a model compound used in the clinical treatment of neonatal jaundice (60) keratoconus (19) and HIV infection (41) would now be considered, and correlations would be developed between the solvent characteristics and the rate of reaction.
Effect of Dielectric Constant
The rate of degradation reactions between ions and dipoles in solution depends on bulk properties of the solvent such as the dielectric constant. Any change in the dielectric constant of a solvent can lead to variation in the energy of activation (ΔG) and hence in the rate constants (65) . This can be applied to the degradation of RF since its rate of photolysis is a linear function of dielectric constant. This can be explained on the basis of the participation of a polar intermediate in the reaction pathway to facilitate the reaction (7, 12) . The rate of RF photolysis is affected by solvent polarity probably due to changes in the conformation of the ribityl side chain in different solvents (42) . Quenching of flavin excitedtriplet state [ 3 FL] by oxygen during the reaction has been suggested (7, 33) , and this may affect the rate of photolysis. However, under the present reaction conditions (i.e., solvents in equilibrium with the air), first-order plots are linear for RF solutions photolyzed up to 30%, and the values of k obs are relative to these conditions. The electron-donating capacity of a molecule (e.g., fluoroquinolone, RF) is affected by the nature of the solvent (5,45) and hence its rate of degradation. The acceptor number is a measure of the ability of solvents to share electron pairs from suitable donors (49, 63) , and this could affect the rate of photolysis. The results obtained and degradation behavior of RF in organic solvents suggest that the stability of such polar drugs can be improved by alteration of dielectric constant of the medium.
Effect of Viscosity
The viscosity of the medium can also influence the rate of degradation, particularly of an oxidizable drug. The photolysis of RF involves oxidation of the ribityl side chain (42) and thus may be affected by the solvent viscosity. The values of k obs for RF in ethyl acetate and water do not follow the relation (Fig. 5 ) probably due to its different structural orientation (42) and degree of hydrogen bonding (53) compared to those of the organic solvents. The behavior of RF in organic solvents indicates that the viscosity of the medium suppresses the rate of photolysis, probably as a result of solute diffusion-controlled processes (12, 62) . It has been observed that [ (9) and fluoroquinolones (4-6).
Mode of Photolysis
The photochemistry of RF has widely been studied by several workers, and the various modes of its photodegradation reactions (i.e., intramolecular and intermolecular photoreduction, photodealkylation, and photoaddition) have been discussed (7, 9, 13, 20, 26, 27, 51) . The pathway of RF degradation in organic solvents appears to be similar to that of the aqueous solution involving intramolecular photoreduction followed by side-chain cleavage (13) . However, the rate of the reaction is solvent dependent due to the participation of a dipolar intermediate (12) whose degradation is promoted by polar environment and suppressed by nonpolar media. It has been observed by laser flash photolysis that the reduction of [ 
The flavin semiquinone radical [FLH
•
] undergoes further reactions to give the final products shown by Eqs. (2) and (3).
The extent of the reaction to form radicals is controlled by the degree of solute-solvent interaction. The polar character of the reaction intermediate would determine the rate of reaction, and the rate would be higher in solvents of greater polarity. Thus, the solvent characteristics play an important role in determining the rate of RF degradation. An appropriate combination of water-alcohol mixture would be a suitable medium for the stabilization of RF and drugs of similar character. 
of degradation of a drug to achieve stabilization. In the case of RF, it has been found that the rate of photolysis is linearly dependent on solvent polarity and is inversely dependent on solvent viscosity. This is reflected in the values of k obs obtained for the photolysis of RF in different solvents. The value of k obs in water (ϵ 78.5) is nearly one and half times that of ethyl acetate (ϵ 6.0) indicating a prominent effect of dielectric constant on the rate of reaction. Similarly, the value of k obs increases with a decrease in solvent viscosity. Thus, a change in the medium on the basis of solvent characteristics could improve the stability of a drug and prolong its shelf life. A rational approach in this direction and the use of appropriate cosolvents with water would enable the formulator to achieve better stabilization of a drug.
